Abstract. Due to a strong river discharge during April-June 2016, a persistent salinity front, with 8 freshwater flushing seaward on the surface but seawater moving landward at the bottom, was formed in 9 the coastal waters west of the Pearl River Estuary (PRE) over the Northern South China Sea (NSCS) 10 shelf. Hydrographic measurements revealed that the salinity front was influenced by both river plume 
The plume front over the NSCS shelf creates an interface between the river plume and the adjacent 23 marine waters with rapid changes of both salinity and nutrients at the frontal zone (e.g. Cai et al., 2004) .
24
There is a P-limitation of phytoplankton in the river plume due to a high N/P ratio of the PRE water 25 (Zhang et al., 1999; Yin et al., 2001) . In contrast, biological production is generally N-limited in the 26 offshore oceanic waters (Wu et al., 2003; Chen et al., 2004) , as the upwelled deep-water with an N/P determined using a Turner Design fluorometer (Knap et al., 1996) . Three types of filters (20 µm Nylon 1 filter, 2 µm Polycarbonate filter, and 0.7 µm GF/F filter) were used to produce three different 2 size-classes including micro-(>20 µm), nano-(2-20 µm ), and pico-phytoplankton (0.7-2 µm ). Nutrient 3 samples were collected inline through a Whatman GF/F filter and frozen immediately at -20°C until 4 analyzed. After thawing at room temperature, they were analyzed by an AA3 nutrient auto-analyzer 5 using colorimetric methods (Knap et al., 1996) with detection limits of 0.02, 0.02, and 0.03 μmol L −1 , 6 for nitrate plus nitrite (N+N), soluble reactive phosphate (SRP), and silicate (Si), respectively. 
Setup of the ship-board incubation experiments 9
There were four different treatments prepared in duplicate for nutrient-enrichment experiments 10 including the control (C), nitrogen alone (+N), phosphorus alone (+P), and nitrogen plus phosphorus 11 (+NP). Nutrients were added to the incubation bottle to obtain final concentrations of 4.8 μM NaNO3
12
and 0.3 μM NaH2PO4. Seawater samples were prescreened through a 200 µm mesh to remove large 13 grazers. These samples were incubated in 2.4 L transparent acid-cleaned polycarbonate bottles and 14 placed in a shipboard incubation chamber equipped with a flow-through seawater system. The incubator 15 was shaded to mimic 30% sunlight using a black filter with each bottle manually stirred twice a day.
16
Each incubation experiment lasted for two days with size-fractionated chlorophyll-a samples taken once 17 a day.
18
Surface water (~50L) collected at S2 outside the PRE mouth was saved as the plume water (PW).
19
Half of the PW was filtered through a 0.2 µm Millipore membrane filter (GTTP Isopore TM ) to produce 20 the filtered plume water (FPW). These waters were used to dilute the local surface waters at S6, S7 and
21
S8. Under the in-situ temperature and light, the mixture was incubated on board for two days with 22 size-fractionation chlorophyll-a collected each day. The bottom waters (BW) were collected at S2, S4, The temperature versus salinity diagram revealed a large change of hydrography during the three 3 cruises (Fig. 2) . There was a regional warming effect over shelf from April to June (Fig. 3A1-A3 ), 4 along with the increase of wind strength (with a regional shift to upwelling favorable wind after the 5 May, data no shown). The riverine input was clearly evidenced with low salinity waters in all the three 6 cruises ( Fig. 2) . Spatially, there was a large area of low salinity in the coastal water west of the PRE 7 ( Fig. 3B1-B3 ), leading to a strong salinity front in the inner shelf. The plume water was mostly on the 8 shore side of the front when the river-outflow flowing westward along the shore. The shore-side of the 9 front was defined by a salinity of <26, the nearshore boundary of the plume (Wong et al., 2003) , with 10 the seaside of the front by a salinity of >32, the offshore boundary of the plume (Ou et al., 2007) . The 11 frontal zone is thus located in between the nearshore and offshore boundaries of river plume (Fig. 1) .
12
In the coastal water west of the PRE, there was an intense chlorophyll-a bloom (Chl-a > 5 g/L) 13 on the shore-side of the front during all the three cruises ( Fig. 3C1-C3 ), although the surface 14 temperature of the bloom area increased from ~22°C in April, to ~26°C in May and to ~31°C in June.
15
The surface distributions of nitrate, silicate, and phosphate generally follow that of salinity for all the 16 three cruises with much higher concentrations on the shore-side of the front than the seaside of the front 17 ( Fig. 3D and 3F ). Interestingly, the surface low salinity tongue in the coastal water east of the PRE by 18 eastward plume dispersion was cut off by a water mass of low temperature but high salinity during the 19 June ( Fig. 3A3 and 3B3 ). This water presumably should come from the subsurface via coastal 20 upwelling, which was further supported by its higher phosphate concentration but lower N/P ratio 21 compared to the ambient waters ( Fig. 3D3 and 3F3 ).
22
There were substantial vertical changes of temperature, salinity, and chlorophyll-a while crossing 23 the salinity front ( Fig. 4A-4C ) from the estuary to the shelf (Section A). The surface front was located 24 in the inner shelf with the subsurface frontal zone going deep to the bottom of the estuary mouth 25 (Fig.4A ). Vertical distributions of nutrients generally followed that of salinity in the PRE with higher 26 surface concentrations, whereas there was large drawdown of nutrients on the shore-side of the front S7 during the first day of incubation, but it became co-limited by both N and P during the second day of 23 incubation ( Fig. 6G ). This station (S7) was on the shelf edge, far away from the frontal zone, but was 24 influenced by the eastward extension of the plume as indicated by its relatively low surface salinity.
25
Interestingly, the response of phytoplankton total chlorophyll-a to nutrient treatments was mostly mediated by micro-cells at stations S1, S2, and S3 where high nutrient concentrations and N/P ratios 1 were found ( Fig. 6A2-6C2 ). In contrast, for stations S5, S6 and S7 on the seaside of the front, the 2 change of phytoplankton total chlorophyll-a at the surface layer was largely controlled by 3 pico-phytoplankton ( Fig. 6D2-6G2 ). This result is consistent with the contention that larger 4 phytoplankton grow faster than small cell under nutrient replete conditions. The result of mixing experiments between the surface waters of S2 and S4 was shown in Fig.7 . The 8 total chlorophyll-a was proportional to the amount of PW (the surface water of S2) in the mixture (Fig.   9 7A). As the PW has more chlorophyll-a than S4 (Table 1) showed distinct responses to the ascending PW percentage during the first day of incubation (Fig. 7B) .
12
There was a linear increase of the daily chlorophyll-a production rate of micro-cells with the percentage 13 of PW (r 2 =0.9, p<0.01), whereas the production rate of nano-cells first increased with the PW
14
percentage from 0% to 50% and then remained relatively stable from 50% to 100%. Apart from both 15 micro-and nano-cells, pico-phytoplankton reached the maximal production rate at the 50% of PW 16 treatment. The responses of net growth rates to various PW treatments were slightly different from 17 those of the chlorophyll-a production rates (Fig. 7C) . The net growth rate of micro-phytoplankton 18 increased with the PW percentage before becoming saturated at 75-100% PW. Pico-phytoplankton
19
showed a higher net growth rate but lower daily chlorophyll-a production rate than nano-phytoplankton 20 during the first day of incubation in the cases of 50-100% PW treatments. As the nutrients running out,
21
there were decreases of net growth rates for all the size-classes during the second day of incubation.
22
The chlorophyll-a biomass, as well as the daily chlorophyll-a production rate, of phytoplankton 23 was substantially enhanced by the addition of FPW at S6, S7, and S8 (Fig. 8 ). This should be expected 24 as the plume water had much more nutrients than the local waters on the seaside of the front. The 25 response of phytoplankton community to FPW was largely determined by nano-and pico-cells at these 26 stations. At station S6, the raw plume water (PW) was also added to the surface water for incubation to chlorophyll-a to PW than to FPW was observed (Fig. 8A ). The addition of FBW increased the total chlorophyll-a of S2, which was largely contributed by 7 micro-cells (Fig. 9A) . At this station, the inclusion of FBW (lower N/P ratio) reduced the N/P ratio of 8 the surface water and thus the P-stress of surface phytoplankton. We found no difference in chlorophyll 9 responses to FBW and BW at S2, which could be due to the low chlorophyll-a of BW. Interestingly,
10
there was a net loss of phytoplankton chlorophyll-a with time at S4, which was not affected by the FBW 11 treatment (Fig. 9B ). This is because nitrate and phosphate concentrations of the surface water were 12 similar to those of the FBW, although there was 9-fold increase of silicate in the FBW (Table 1 ). The 13 elevated silicate after FBW treatment did not stimulate a diatom growth given the sparse of micro-cells 14 in the surface water there. The addition of BW, however, substantially decreased the total chlorophyll-a
15
( Fig. 9B) , likely reflecting the grazing activity in BW.
16
Phytoplankton growth was promoted by the FBW addition at S6 (Fig. 9C) , as the N-stress of 17 phytoplankton could be relieved by the FBW with higher nitrate concentration and N/P ratio. We found 18 a reduced phytoplankton growth with the addition of BW compared to that of FBW (Fig. 9C) , which 19 could also be attributed to the grazing activity of BW. At station S7, the BW was from the depth of 109 20 m with high nutrients but negligible chlorophyll-a compared to the surface water (Table 1) . Therefore,
21
both FBW and BW additions increased surface phytoplankton growth (Fig. 9D ). This stimulating effect
22
could be attributed to a reduced P-stress of phytoplankton in response to a lower N/P ratio of the surface 23 water. 2008), as nutrient replenishment from the subsurface could be restricted by the salinity front with a 7 persistent stratification at the frontal zone. On the other hand, there was an intense upwelling found near 8 the coastal water east of the PRE, which could be due to an intensified cross-isobath transport of the 9 bottom boundary layer driven by an amplified alongshore current (Gan et al., 2009 ). Therefore, the 10 frontal system was affected by both river plume and coastal upwelling during the spring-summer of 11 2016.
12
Phytoplankton growth over the shore-side of the front was essentially P-limited, which is 13 consistent with previous findings (Zhang et al., 1999; Yin et al., 2001) . Phytoplankton P-stress here is a 14 physiological response to the P-deficiency of the river plume due to the stoichiometric lack of P relative 15 to N (Moore et al., 2013). However, we found a spatial difference of phytoplankton physiology on the 16 seaside of the front, where there was less influence of river plume from the perspective of salinity.
17
Phytoplankton growth over the seaside of the front, dominated by small pico-cells, could be P-limited,
18
or N-limited, or not limited by N and P. There was no evidence of Si-limitation since micro-cell was not 19 stimulated by the filtered bottom water with a much higher silicate concentration. The spatial difference 20 of phytoplankton physiology is consistent with the nutrient variation of the developing plume front, 21 which should be regulated by both biological uptake and physical dynamics (Gan et al., 2014) .
22
A balance between horizontal advection and vertical mixing can be approximately maintained at The influence of river plume on the surface phytoplankton at the frontal zone was to directly 7 stimulate micro-phytoplankton growth, while a community P-limitation was still prevailing. Although Micro-phytoplankton generally has a larger half-saturation constant for nutrient uptake than nano-and and subsequent biomass accumulation at the frontal zone of the NSCS shelf may be a future research 8 priority. Since we have only focused on phytoplankton physiology of the surface layer, the future study 9 may also need to address the response of subsurface phytoplankton community to the frontal dynamics 10 over the shelf, since both the light field and nutrient conditions may vary substantially at the subsurface 11 layer across the salinity front. *The depth of surface water is always at ~1 m with the depth of bottom water 5-10 m above the topography. Figure 1 with the initial conditions in Table   5 1; Treatments include control (C), nitrogen alone (+N), phosphorus alone (+P), and nitrogen plus 6 phosphorus (+NP), respectively. 
